Theoretical framework of the Cluster Variation Method (CVM) is extended in two directions. One is the construction of a supercell in which the basic clusters are aligned in two dimensional directions. The other one is the introduction of the atomic displacement in the flexible lattice. These extensions of the conventional CVM enable us to calculate a core structure of two parallel superpartial dislocations in B2 ordered phase at finite temperatures. It is shown that a large stacking fault is formed inside the two superpartial dislocations at lower temperatures, while the stacking fault appears outside the superpartial dislocations at higher temperatures.
Introduction
A number of ordered intermetallic compounds exhibit a positive yield stress dependence at elevated temperatures, which is known as the yield stress anomaly, and various mechanisms have been proposed to explain the anomaly. Among them are KearWilsdorf locks, 1, 2) order strengthening model, 3) climb dissociation model 4) and vacancy hardening model. 5) The detailed mechanism which can be applied to B2 ordered compound, however, is not completely clear.
One of the potential approaches to clarify the yield stress anomaly is to analyze the dislocation core structure. In 1970, the calculation for a core structure of a 1/2 h111i screw dislocation in bcc crystals was performed by Vitek, et al. 6) by using the central-force potential. In this study, they analyzed the core structure with a displacement map, known as Vitek map, and they predicted that the core structure possessed three-fold symmetry. Recently, Mori et al. investigated the core structure of a dislocation and Peierls stress in a bcc metal based on microscopic phasefield model, 7) and they confirmed that the Peierls stress of a 1/2 h111i screw dislocation in bcc Fe with non-planar structure was appreciably higher than that with planar structure. These results imply the importance of the core structure for the study of yield stress anomaly. Besides these, there are other potential approaches such as the firstprinciples calculation 8) and PeierlsNabarro method. 9) The applicability of these studies, however, is limited to 0 K, since the entropy effect is not explicitly taken into considerations and the temperature dependence is by no means considered. Furthermore, it is pointed out that Anti Phase Boundary (hereafter abbreviated as APB) plays a significant role for a yield stress anomaly in ordered intermetallic compounds, 14) which is again expected to be dependent on temperature. Therefore, a new comprehensive approach which is able to deal with the core structure including APB at finite temperatures is required for more satisfactory studies on yield stress anomaly.
Cluster Variation method (hereafter abbreviated as CVM) devised by Kikuchi 10) has been regarded as one of the most reliable theoretical tools to study atomistic arrangements in the equilibrium state of an alloy system. CVM provides a series of approximated entropy expressions in terms of cluster probabilities of a basic cluster and its sub-clusters. The level of the approximation is determined by the size of the basic cluster which is the biggest cluster contained in the entropy formula, and the bigger the basic cluster is the better results one can expect although the computational burden becomes heavier.
CVM has been mainly employed to calculate phase diagrams, and it has been confirmed that the topology of the phase boundaries and the order of the transitions are correctly predicted. Besides these, the optimized correlation functions and atomic separation provide temperature and concentration dependences of order parameters and equilibrium lattice constant. 11, 12) Another application of the CVM is the study of atomic arrangement at an interface. For such a calculation, a supercell extended perpendicular to the interface is constructed as the succession of a basic cluster. Kikuchi 13) employed such a supercell and calculated the width of (110) boundary in bcc structure within the Ising model. Then, Asta 14) extended the procedure to a more realistic alloy by introducing the Effective Cluster Interaction (ECI) parameters, and he calculated the profiles of composition and order parameters as well as the interfacial energy of the coherent interphase boundary between ¡ and ¤A phase in ALLi alloy.
These calculations motivate us to align basic clusters in two dimensions so that more extended defect structures can be studied. One of these defects is a dislocation of which atomistic structure is basically the stacking of a two dimensional symmetric structure along the extension of the dislocation line. However, the description of dislocation core requires the calculation of the relative displacement of atoms, which is not considered by conventional CVM. Accordingly, in order to introduce the relative displacement of atoms into CVM we employed flexible lattice and calculated equilibrium lattice positions by minimizing the free energy. Thereby, we proposed the comprehensive calculation model for the dislocation core structure including APB at finite temperatures, and analyzed the core structure of two parallel superpartial dislocations in B2 ordered phase.
Calculation Procedure

Free energy model
Formulation of the entropy is the core of the present study and the details are provided in the following.
We consider an ensemble of supercell systems which is shown in Fig. 1 . Here, the supercell is defined as the collection of atoms (point clusters). The possible number of systems, W L , in the ensemble is given by the following equation within the pair approximation of CVM. 
When the ensemble is constructed as an arrangement of N supercells, W L is given as:
where n(m) specifies the supercell and G pq,nm pair is the correlation correction factor for the pair between p-point in the n-th supercell and q-point in the m-th supercell. By substituting eqs. (2) and (3) into eq. (4), we obtain the entropy per supercell by employing Stirling's approximation as:
where k B is the Boltzmann constant. It is further noted that when the net interaction between ij pair is absent, the pair probability y pq ij satisfies the following relation, y
and, therefore, one reaches the relation written as,
Then, for the summation over p and q in eq. (5), it is only necessary to consider the pair clusters which are interacting each other. We define Z p pair as the number of such interacting pair clusters which involve the p point, and the set of interacting pair cluster in the system is denoted as A. The entropy per supercell is, therefore, rewritten in a more tractable form as
fp;q;n;mg2A 
In this way, the entropy formula is constructed for the present study. It is emphasized that this entropy formula can be applied to any crystal symmetry of the supercell including a dislocation core in the present study. The internal energy, E, in the present study is formulated within the pair interaction model and is given by 
where e ij (r pq,k ) is the pair interaction energy between atomic species i and j located at the lattice points p and q, respectively, r pq,k is the interatomic distance between the lattice points p and q, and R p,n (R q,m ) is a position vector of the lattice point p(q). By combining eqs. (9) and (10) 
where ® i is the chemical potential of the species i. It should be noted that, in eq. (12), fx 
and
In order to avoid numerical complicacies, it is more desirable to introduce a set of independent variables known as correlation functions. In fact, it has been amply demonstrated 15) that the cluster probabilities x p i and y pq,k ij are related to point and pair correlation functions f² p 1 g and f² pq;k 2 g through
where, i takes +1(¹1) when p is occupied by A(B) atom. A similar definition is applied to j and the occupation at q. Substitution of eqs. (15) and (16) into eq. (12) yields the free energy function as:
Minimization
Given T, µ i and a supercell, that is fZ p pair g, the cluster probabilities in equilibrium state are obtained by minimizing eq. (17) . For a flexible lattice, the independent variables in the present study are the correlation functions f² p 1 g, f² pq;k 2 g and the position vector {R p }. Then, these variables satisfy the simultaneous equations at the equilibrium state,
By solving eq. (18) with Conjugate Gradient method, 16, 17) the equilibrium state is determined.
Calculation condition
In the present study, we employed central-force potential which was proposed by Vitek 6) and is expressed in the following polynomial form:
where b ij,n is a phenomenological constant. The interaction has been considered up to second-nearest neighbors, which is necessary to stabilize a bcc structure by using solely central force. To ensure the stability of a B2 ordered phase at low temperatures, a deeper potential is assigned to unlike atomic pairs. Moreover, the equilibrium atomic distance for the unlike pair is set to be smaller than those for the like pairs. The interaction energies and the nondimensional parameter b ij,n employed for the present study are shown in Fig. 2 and Table 1 , respectively.
It is noted that the energy and length scales are normalized with respect to the bottom value of the interaction energy, e 0 AA , between A-atoms. Followings are the normalized parameters employed in the present study, 
where a eq is an equilibrium lattice constant and APB is an Anti Phase Boundary energy. To calculate the core structure of the dislocation, we used the supercell in which the point and pair clusters are arranged in the two dimensional plane which is perpendicular to the dislocation line as shown in Figs. 3(a) and 3 
where d Ã SD is the distance between the two dislocations with d
We used a discus-shaped supercell whose radius and thickness in the z-direction are 20 ffiffi ffi 6 p =3 Â a Ã eq and 2 ffiffi ffi 6 p =3 Â a Ã eq , respectively. Periodic boundary condition is imposed along the axis direction while the free boundary condition is employed in the radial direction. In this manner, we deal with the dislocation core within the CVM.
The pair clusters are sought by an algorithm developed for the present study and pairs of which distance are shorter than some critical value are identified. As the critical value we assign 1:95 ffiffi ffi 6 p =3 Â a Ã eq which is long enough to contain all the interacting pair clusters during the lattice relaxation process. This search is conducted only at the initial step of the calculation.
The equilibrium lattice constant a Ã eq is determined by minimizing the free energy of the bulk phase which was given by eq. (12) In order to analyze the atomic arrangement of the dislocation core structure, the following Long Range Order parameter (here after LRO) S B2 in [111] direction is defined, Finally, the chemical potential ® i is set to null, and for this condition the equilibrium average concentration x B is automatically kept to be x B ¼ 0:5.
Results and Discussions
First, we calculate the equilibrium LRO and lattice constant in the bulk phase by minimizing eq. (22). The results are demonstrated in Fig. 4 .
One sees that the LRO decreases smoothly and monotonically with increasing the temperature towards T* = 2.30 at which the LRO vanishes. Hence, T* = 2.30 is identified as the transition temperature. Also, from the smooth behavior of the LRO curve, one may conclude that the order of the phase 
transitions is of the second-order. The equilibrium lattice constant increases with the temperature. This is purely a configurational effect, namely the number of like pairs, for which we assigned the larger atomic distance than unlike pairs as shown in Fig. 2 , increases with temperature. One may also recognize a discontinuous change of the lattice constant due to the transition at T* = 2.30. The equilibrium lattice constants determined at a given temperature in Fig. 4 is utilized in the later calculation. LRO and atomic displacement in the system which includes a pair of parallel 1/2[111] screw dislocations connected by APB are calculated by minimizing eq. (17) Fig. 4 The temperature dependences of the equilibrium LRO and lattice constant. The lattice constant is normalized with respect to the interatomic distance corresponding to the minimum of the atomic interaction energy between A-atoms.
[111]
[112] extending in the normal direction to the figure, and the two dislocations are shown as double circles. One sees that the higher the temperature is, the lower the LRO becomes. The LRO in the bulk phase at each temperature is confirmed to be the same as shown in Fig. 4 . At T* = 1.10, the LRO is nearly 1.0 in the entire system, indicating the perfect ordered state even around dislocations and APB. However, at T* = 1.50 and 2.10, the LRO in APB area obviously becomes lower than that in the bulk phase, and the thickness of the APB area increases with temperature. These configurations around APB at T* = 1.50 and 2.10 are regarded as a relaxed structure. Furthermore, at T* = 2.10, the area with lower LRO appears outside the APB area, where atomic planes are displaced which disturbs the regular bcc structure, resulting in the formation of a stacking fault, and the details are discussed later. In order to analyze the core structure of the pair of two screw dislocations, displacement maps proposed by Vitek et al. 6) is employed as shown in Figs. 6(a), 6(b) and 6(c). In the figure, the dots show the projection of the lattice points on (111) plane and the arrows between the two dots indicate the difference of the atomic displacement in [111] direction from a perfect bcc crystal. A triangle of the arrows forming a cycle indicates the position of the dislocation core, and the planes in which arrows are directed in certain directions can be regarded as a stacking fault. However, it should be noted that the unambiguous separation of the dislocation cores and stacking faults is generally a difficult task.
In Figs. 6(a) and 6(b) at T* = 1.10 and 1.50, the dislocations core posses the three-fold symmetry structure which confirms the result obtained by Vitek. 6) However, more careful observation suggests that the present results do not show the perfect three-fold symmetry and an alignment of the stacking faults also changes with temperature. At T* = 1.10 the larger stacking faults are formed inside two dislocations on {110} plane, by contrast, at T* = 2.10 much larger stacking faults are extended outside two dislocations on {112} plane. The dislocation core at T* = 1.50 is regarded as a transitional configuration between those at T* = 1.10 and 2.10. These changes of dislocation cores may be explained by the balance of the attractive and repulsive forces between the two dislocations. The two dislocations are subjected to attractive force in order to reduce the area of APB and the magnitude of the force is closely related to the APB energy. Then, the APB energy on {110} plane is calculated. The supercell is the same as that shown by Kikuchi 13) and consist of fixed lattice, the free energy is described by eq. (17) and the equilibrium lattice constants are shown in Fig. 4 . The APB energy ³ APB is obtained as the difference of the entire free energy with/without the APB
where A APB is the area of APB, F APB and F bulk are the free energy of the entire system with/without APB, respectively. In Fig. 7 , one sees that the APB energy decreases monotonically and vanishes at the temperature corresponding to the orderdisorder transition temperature, T* = 2.30. This indicates that the attractive force between the two dislocations decreases with the increase of the temperature.
The repulsive force, on the other hand, is basically due to the elastic interaction acting between the two dislocations, and the magnitude of the force is determined by elastic module and the distance between the dislocations. When the distance between the dislocations is kept constant, it is considered that the repulsive force does not strongly depend on temperature because the temperature dependency of the elastic module is much smaller than that of APB energy. These considerations suggest that at low temperatures the two dislocations attract each other predominantly due to the effect of APB, while at high temperatures the two dislocations repel through the elastic interaction. [110]
(c) It is observed that in Fig. 6 the dislocations do not move despite the presence of attractive and/or repulsive forces due to the APB and the elastic interaction. This is because these forces are not sufficient enough to overcome the Peierls stress, hence the dislocation pairs are regarded in a transitional configuration. When a dislocation with non-planar core structure is subjected to forces, the core polarized on different planes is shrunk to form a planar structure on a single slip plane. This enables glide motion of a dislocation. Therefore, at T* = 1.10, the core of dislocation is shrunk onto {110} and pair of dislocations move inward on the {110} plane due to the attractive interaction force originating from APB. This results in the formation of the larger stacking faults between the two dislocations. At T* = 2.10, on the other hand, the core of dislocation is shrunk on the {112} followed by the outward motion of pair of dislocations driven by the elastic repulsive interaction. This is a mechanism of the formation of stacking faults outside of the pair of dislocations found in Fig. 6(c) .
These results indicate that the core structure of dislocations in an ordered phase at finite temperature can be investigated by CVM, and two opposite mechanisms, attraction by APB and repulsion by the elastic interaction, explains the peculiar behavior of the dislocation motion in the ordered phase.
Conclusion
In this study, we extended the applicability of the Cluster Variation Method by using supercell in which the basic clusters are aligned in two dimensional directions. The entropy is formulated for irregular lattice and the resultant free energy is minimized with respect to cluster probabilities and lattice position. Such a new scheme of the CVM is applied to study core structures of superpartial dislocations in B2 ordered phase at finite temperatures. The main results are summarized as follows.
(1) At T* = 1.10, almost perfect ordered structure appeared in the whole system. However, at T* = 1.50 and 2.10, the LRO in APB area were obviously lower than that in the bulk phase, and the formation of the APB at T* = 1.50 and 2.10 is regarded as the relaxed structure. (2) It was attempted to analyze the core structure of dislocation by displacement map proposed by Vitek.
6)
The dislocation core was characterized basically by the three-fold symmetry. The alignments of the stacking faults changed with temperature and these changes were explained by the balance between attractive force due to APB and repulsive force due to the elastic interaction. 
